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Abstract.-  
 The behaviour of mesophase-derived electrodes on long-duration cycling conditions 
was studied in 1M sulfuric acid and 6M potassium hydroxide. Variation in the specific 
capacitance values with the number of cycles shows a good cycling life performance in acidic 
media but very poor in an alkaline electrolyte. The total loss of capacitance after 7,000 cycles 
in acidic media is 8 % at 0.6 V and 16 % at 1 V, whereas in the basic electrolyte the reduction 
in the capacitance values is 72 %, even at a very small operating voltage (0.6 V). This 
behaviour was associated to the strong oxidation of the positive electrode caused by the 
progressive shift of the working potential towards very positive potential values during 
cycling. 
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1.- INTRODUCTION 
 
 Electrochemical double layer capacitors (EDLC’s) are energy storage devices with a 
wide range of applications related to their fast energy delivery (e.g. telecommunications 
systems, maintenance-free traffic lights, uninterruptible power sources, and hybrid electric 
vehicles among others) [1]. The storage of energy in electrochemical capacitors can arise 
from either electrostatic charging or from pseudocapacitative chage-discharge [2]. In the first 
case, electrolyte ions are accumulated at the electrode/electrolyte interface forming the so-
called double layer in a similar way as in conventional capacitors. By utilizing high surface 
area electrodes the amount of charge stored, and consequently the capacitance of the device, 
is several orders of magnitude higher than that of conventional electrolytic capacitors. In the 
second case, pseudocapacitance arises from faradaic processes of electroactive species, such 
as polymeric materials [3], metal oxides [4,5] and certain functionalities at the surface of 
carbon materials [6,7,8]. 
 
It is generally believed that pseudocapacitance in carbon materials is largely based on 
the redox reactions of surface quinoid functionalities, whose reduction requires protons to 
proceed [9,10]. Nevertheless, some other oxygenated functional groups might be 
electrochemically active at the working potentials of the acidic solutions, such as some pyrone 
groups [11,6]. Therefore, and as may be expected, faradic phenomena have a large 
dependence on the pH of the solution. In this sense, enormous differences in capacitance 
values can be found depending on the electrolyte used. For carbon materials in neutral 
solutions, specific capacitance values between 8-12 μF cm-2 have been reported and between 
15-20 μF cm-2 in the case of acidic media [12]. Despite that its study is not so frequent, redox 
reactions in basic media are also possible [13].   
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As a general trend, for the same active electrode material, higher capacitance values 
are found in acidic media compared to those obtained in basic media. Despite that this 
tendency is followed by the majority of the materials [14,7], a few examples can be found 
following the opposite trend. Rojo et.al. [15] reported capacitance values for activated carbon 
nanofibers of about 60 F g-1 when 6M KOH was used as electrolyte and of around 40 F g-1 
when using 2M H2SO4. This difference was attributed by the authors to the larger sizes of the 
hydrated H3O+ and HSO4- ions compared to the hydrated K+ and OH- ions [16,17]. However, 
the different redox activity in each media seems to be a more plausible explanation, as the 
average pore size of the active material is large enough to allow the access of the ions 
compared. The work carried out by Pietrzak et al. [18] reported that samples containing 
significant amounts of nitrogen showed higher capacitance values in alkaline media than in 
acidic media due to the presence of pseudofaradaic reactions of the nitrogen functional 
groups. 
 
 In general terms, the presence of the so-called pseudocapacitance has been related in 
literature to poor cycle life [19] contrary to what occurs in organic media, where only purely 
charge separation occurs and good cycling stability is typically reported [20]. Investigations in 
this field are rarely reported, despite that the cyclability of supercapacitors is a property of 
mayor importance. The present work investigates the effect of the electrolyte (basic or acidic) 
in the long-term stability of carbon-based supercapacitors.  
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2.- EXPERIMENTAL 
 
2.1.- Active material.-  
 
 The activated carbon M-AC was obtained by chemical activation of a mesophase-
derived pitch (AR24) using potassium hydroxide in a proportion of 3:1 (KOH:AR24). The 
activation procedure has been previously described [21]. Physical adsorption of nitrogen at 
77 K was carried out in order to characterize the porous texture of the activated carbon and 
carbon-based electrodes. Isotherms were performed in an ASAP 2020 Micromeritics 
volumetric system using around 50 mg of sample for each measurement. The apparent 
specific surface area was determined from the N2-adsorption isotherm using the BET 
equation. The total micropore volume (VN2) was calculated by applying the Dubinin-
Radushkevich (DR) equation to the N2-adsorption isotherms [22]. The microporous surface 
area was obtained from the equation: Smic(m2 g-1)=2000VN2(cm3 g-1)/L0 (nm), where L0 
represents the average micropore width [23]. 
 
 The electro-oxidation of the activated carbon M-AC was carried out in a conventional 
three-electrode system. Around 100 mg of material was subjected to +0.4 V vs. NHE in a N2 
bubbling solution of 6M KOH. Then the sample was washed using distilled water and dried in 
a vacuum oven at 110 °C overnight. The resultant material was labelled EO-M-AC+0.4. The 
amount of oxygen functional groups in the sample was evaluated by means of temperature-
programmed desorption (TPD). About 150 mg of sample was placed in a U-shaped quartz cell 
and heat treated to 1000 ºC at an increasing temperature of 10 ºC min-1. On-line mass 
spectrometry was used to measure the decomposition products (CO and CO2).  
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The oxygen content of the activated carbons was directly determined using a LECO-
TF-900 furnace coupled to a LECO-CHNS-932 microanalyzer. 
 
2.2.-Electrode preparation and electrochemical measurements.-  
 
 Disk type electrodes of 12 mm in diameter were prepared using 10 wt. % of 
polyvinylidene fluoride (PVDF) as binder and 90 wt. % of active material. The electrodes 
were dried overnight before the cell assembly. Gold disks were used as current collectors and 
glassy fiber disks as separators. 
 
 The electrochemical tests were performed in PFA (polyfluoroalkoxy) “T”-type 
Swagelok® cells In this configuration a two-electrode cell is assembled and in the third end 
connection a reference electrode is incorporated. This configuration allows the potential at 
which anode and cathode are operating to be determined, as these can be monitored 
throughout the two-electrode experiments. The reference electrodes used were Hg/Hg2SO4 or 
Hg/HgO depending on the electrolytic media used, where one of the carbon electrodes acted 
as counter electrode. Aqueous solutions of 1M sulfuric acid, 6M potassium hydroxide and 1M 
LiCl where used as electrolytes.   
 
 The electrochemical measurements were conducted in a Biologic multichannel 
potenciostat. Galvanostatic cycling at a current load of 500 mA g-1 was performed for the 
long-term cycling experiments at two different operating voltages: 0.6 and 1 V. The 
capacitance of the system was obtained applying the equation: Ccell (F) = )dtdV/(I 1−  to the 
galvanostatic cycles performed at constant current, I, (avoiding the ohmic drop). The specific 
capacitance values for the electrode, C (F g-1), was obtained from the following expression: 
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C= 2Ccell/m, where m is the mass of active material in the lightest electrode. Cyclic 
voltammetry was also carried at a scan rate of 1 mV s-1. Impedance spectroscopy analyses 
were conducted at 0 V, in the completely discharged state, varying frequencies between 
1 mHz-100 kHz with an amplitude of ±10 mV. 
  
3.- RESULTS AND DISCUSSION 
 
 The textural and chemical properties of the active material used in the present study 
(M-AC) have been described elsewhere [7]. M-AC is mainly a microporous material, with a 
microporous surface area of 1531 m2 g-1 and an apparent BET area of 2000 m2g-1. Regarding 
its chemical properties, M-AC has a significant amount of oxygenated functionalities 
(3.5 wt. % obtained by elemental analysis).  
 
Figure 1 shows the specific capacitance values at increasing current densities obtained 
for M-AC in three aqueous electrolytes: 1M H2SO4, 6M KOH and 1M LiCl. At the lowest 
current density measured (0.88 mA cm-2 / 40 mA g-1) the specific capacitance values obtained 
were: 242, 208 and 145 F g-1 for H2SO4, KOH and LiCl, respectively. These differences in 
capacitance might arise either from the different accessibility of the ions into the porous 
network or from the dissimilar chemical reactions occurring onto the carbon surface. M-AC 
has an average pore size of 0.97 nm as described in ref. [7]. In addition to this, the ions used 
in this study have stokes radius [24] lower than 0.24 nm (radius of the solvated species). 
Thus, the problems of accessibility of the ions can not be taken into account as demonstrated 
elsewhere for aqueous solutions [25,26]. In the absence of any faradic processes, capacitance 
values should be similar for the three electrolytes. Therefore, differences found in the 
electrochemical behaviour of M-AC can only be assigned to its different faradic contribution 
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in each electrolyte. Based on these results, acidic media is expected to favour a higher 
contribution of pseudocapacitance, followed by the basic, followed by the neutral electrolyte. 
This circumstance has been explained in the literature based on the activity of the 
quinone/hydroquinone couple in the presence of protons [10]. The presence of 
pseudocapacitance in KOH has not been studied in such detail as those occurring in acidic 
media. Nonetheless, some studies, as those carried out by Andreas et al. [10] report a 40 % 
loss of capacitance when varying the pH of the electrolyte from 14 to 5. 
 
 Capacitance values for LiCl appear to be very dependent on the current load. This 
indicates diffusion issues of the ions due to its lower ionic conductivity. For this reason, the 
long-term experiments were not conducted in this electrolyte. 
 
 The presence of pseudocapacitance in acidic and basic media is also evidenced from 
the cyclic voltamograms obtained in a three-electrode configuration (Figure 2a and 2b). The 
voltage window in which the positive and negative electrode are operating in a two-electrode 
configuration are also incorporated on top of the X-axis. For both electrolytes, a clear 
deviation of the ideal rectangular shape is observed. In the acidic media (Figure 2a), the CV 
response exhibits a set of anodic and cathodic peaks which are pseudocapacitive in nature 
attributable to the oxidation/reduction of some surface functionalities on the carbon [7]. The 
redox reactions occur both in the anodic and cathodic regions, which means that this 
pseudocapacitance is readily used in a symmetric cell. However, in the case of the alkaline 
medium the redox reaction of surface groups shifts to negative potentials (Figure 2b). As 
previously reported [7], the poorest performance of the positive electrode in basic media 
limits the capacitance of the whole device in the two-electrode configuration. This explains 
why the capacitance values in sulfuric acid are higher than in potassium hydroxide. 
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 The large contribution of pseudocapacitance both in acidic and basic media, deduced 
from Figures 1 and 2, is expected to negatively affect the long-term behaviour of the 
supercapacitors [19]. The variation in the specific capacitance values of M-AC during cycling 
is represented in Figure 3 and the specific capacitance values obtained for the first and last 
cycles are summarised in Table 1. The capacitance values in sulfuric acid are rather stable, 
with a reduction of only 8 % after 7,000 cycles at 0.6 V, and 16 % at 1 V. As expected, the 
reduction is higher at higher voltage window, as the participation of faradaic currents (e.g. 
redox reactions, aqueous-solution decomposition, moderate carbon oxidation [1,27,28]) that 
incorporate irreversibility into the electrochemical cell is more evident. On the contrary, the 
long-term cycling in basic media, even at 0.6 V, was rather poor with a reduction in the 
capacitance values of 72 % after 7,000 cycles. This reduction is dramatic after 6,000 cycles. 
 
The poor electrochemical behaviour of M-AC in KOH after 7,000 cycles is clearly 
evidenced by the distortion of the shape of the cyclic voltammograms and galvanostatic 
charge-discharge curves (Figure 4a and b, respectively). At the initial stages of cycling, CV 
and charge-discharge profiles show the typical behaviour of EDLC’s. However, after several 
cycles, this behaviour is distorted.  
 
These results suggest that the testing of active materials during a significant period of 
time is of vital importance in order to evaluate their suitability to actuate in real operation 
conditions. 
 
For a deeper understanding of the changes occurring in the cell, impedance 
spectroscopy measurements were carried out. Figure 4c represents the Nyquist plot obtained 
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after the first, 6,000th and 7,000th cycles and Figure 4d shows the amplitude of each spectrum 
in the high-frequency region. The increase in the diameter of the semicircle in the medium-
high range of frequencies indicates a worsening in the intrinsic resistance of the active 
material. At low frequencies, the impedance should be a vertical line parallel to the imaginary 
axis, which corresponds to the capacitive behaviour of the material. However, there is a great 
deviation form the theoretical performance that becomes particularly noticeable after 7,000 
cycles. The same type of experiments performed in acidic media show a much lower variation 
in the electrochemical behaviour with cycling (Figure 4e). Although some alteration on the 
impedance spectra are expected [29,30], the great modification observed in KOH clearly 
indicates the degradation of the electrochemical system. 
 
In order to achieve a better understanding of the different extent of degradation 
observed in the different media, the variation in the voltages at which the positive and 
negative electrodes are operating was monitored during the long-term experiments. Figure 5a 
shows a charge-discharge cycle obtained in sulfuric acid (cell voltage, right Y-axis) and the 
voltage profile where anode and cathode are operating (left Y-axis). When the cell is in the 
completely discharged state (0 V, right Y-axis) anode and cathode stand at the same potential 
(+0.48 V vs NHE), that may be defined as equilibrium potential or rest potential (which is 
characteristic of the active material and media used). When the supercapacitor is in the 
completely charged state (0.6 V) the positive electrode reaches +0.77 V vs NHE, whereas the 
negative electrode decreases to +0.18 V vs NHE. Thus, the overall cell voltage (0.6 V) is 
evenly distributed between anode and cathode (0.3 V each electrode) (see summary in 
Table 2), splitting the total range of voltage into two equal parts. It was found that these 
values did not change during cycling. On the contrary, in basic media the operating potential 
of each electrode vary visibly after the long-term cycling experiments towards more positive 
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values (Figure 5b). Additionally, the positive electrode increases very importantly its 
operating voltage (ΔV), from 0.35 in the first cycle, to 0.5 V after 7,000 cycles, while in the 
negative electrode this is reduced from 0.22 to only 0.07 V. This indicates that the capacitance 
of the positive electrode is decreasing with cycling. Considering the shift of this electrode to 
very positive potentials, it is reasonable to assign its degradation to irreversible oxidation of 
the active material, which is agreement with other authors [13,31]. 
 
With the aim of studying the alterations suffered by M-AC upon cycling, the activated 
carbon was subjected to +0.4V vs. NHE to simulate the processes occurring in the positive 
electrode in a two-electrode cell after subjected to long-cycling experiments. The oxygen 
content determined by direct elemental analysis increased drastically, from 3.5 wt. % in the 
starting material up to 15 wt. % in EO-M-AC+0.4. Figure 6 shows the curves corresponding 
to CO and CO2 evolution for the activated carbon (M-AC) and for the resultant electro-
oxidized sample (EO-M-AC+0.4). The amount of CO-evolving groups does not change 
substantially, whereas the groups responsible for the CO2 evolution significantly increased 
(from 0.2 to 0.8 mmol/g). When moderate oxidation takes place, the morphology of the 
carbon material does not change significantly, although some oxygen functional groups can 
be created at the surface of the material (i.e., hydroxyl groups) that could lead to an 
improvement in wettability [32] and/or could lead to enhanced specific capacitance values 
[33]. However, a strong oxidation can lead to deeper structural modifications that can cause 
the degradation of the carbon material (i.e. carboxy groups) [34], producing carbon corrosion 
products (CO and CO2) together with oxygen [35,36]. Additionally, the evolution of CO2 in 
basic media produces carbonate ions (CO32-) obstructing and retarding the ions mobility in 
porous materials [31]. 
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On the view of these results, the huge decrease in capacitance values observed in KOH 
(especially after 6,000 cycles) can be attributed to the oxidation of the positive electrode, 
which becomes drastic after over passing a given potential.  
 
4.- CONCLUSIONS 
   
 AC-M demonstrated an extremely poor long-term cycling performance in KOH, 
especially after 6,000 cycles, even at a low operating voltage window, 0.6 V. This behaviour 
was associated to the strong oxidation of the positive electrode caused by the progressive shift 
of the working potential towards very positive potentials during cycling.  
 
On the contrary, the performance of AC-M during long-term cycling in sulfuric acid 
was good, with a reduction of specific capacitance values of only 8 % after 7,000 
galvanostatic cycles at 0.6 V and 16 % at 1 V, despite the high contribution of 
pseudocapacitance present in this media. In this electrolyte no change of the working 
potentials of each electrode has been observed. 
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TABLES 
Table 1.- Specific capacitance values with the number of cycles performed at 0.6 and 1 V. 
Current load 500 mA g-1. 
 
Table 2.- Working potential values for positive and negative electrodes in H2SO4 and KOH. 
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Table 1.- 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.-  
 V vs. NHE 
 Initial state Vmax+ Vmax- ΔV+ ΔV- 
H2SO4-1st cycle 0,48 0,77 0,18 0,29 0,30 
KOH-1st cycle -0,31 0,04 -0,53 0,35 0,22 
KOH-after 7,000 cycles -0,15 0,35 -0,22 0,50 0,07 
 
 
 
 C (F g-1) 
sample 1st cycle 7,000th cycle 
H2SO4-0.6 V 194 178 
H2SO4-1 V 242 204 
KOH-0.6 V 214 60 
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FIGURES 
 
Figure 1.- Variation in the specific capacitance values with current density obtained in 1M 
H2SO4, 6M KOH and 1M LiCl. Operating voltage 0.6 V.  
Figure 2.- Cyclic voltammograms in a three-electrode cell performed in: a) H2SO4, b) KOH 
and c) LiCl at a scan rate of 2 mV s-1. 
Figure 3.- Variation in the specific capacitance values with the number of cycles obtained for 
H2SO4 (at 0.6 and 1 V) and for KOH at 0.6 V. Current load 500 mA g-1. 
Figure 4.- Effect of cyclability performed for M-AC in basic media: a) cyclic 
voltammograms at 1 mV s-1 b) galvanostatic cycles at 500 mA g-1, c) Nyquist plots and d) 
high frequency region of the Nyquist plots and e) high frequency region of the Nyquist plots 
for M-AC in H2SO4 
Figure 5.- a) Galvanostatic cycle for M-AC in H2SO4 at 0.6 V (right Y-axis) and the 
potentials of work for the positive and negative electrodes (dash-line in left Y-axis). b) 
Galvanostatic cycle for M-AC in KOH at 0.6 V (right Y-axis) and potentials of work for the 
positive and negative electrodes (left Y-axis) before and after the long-term cycling. (a.u.= 
arbitrary units). Current load 100 mA g-1. 
Figure 6.- TPD profiles for the electro-oxidation of activated carbon. a) CO and b) CO2 
evolution curves. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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